Akt is an important signaling molecule that modulates many cellular processes such as cell growth, survival, and metabolism. Akt activation has been proposed as a potential strategy for increasing cardiomyocyte survival following ischemia. In mammalian cells, 3 distinct isoforms of Akt exist, but their precise roles in cardiovascular biology were previously unknown. Three separate studies published in this issue of the JCI now provide important new insight into the central role of Akt1 in the regulation of angiogenesis and the maladaptive or deleterious consequences of chronic unregulated Akt activation in the heart (see the related articles beginning on pages 2108, 2119, and 2128). Here we discuss the implications of these exciting new studies.
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The serine/threonine kinase Akt (also known as protein kinase B [PKB]) plays a central role in the regulation of cellular growth, survival, and metabolism across many species. In mammalian cells, there are 3 distinct Akt isoforms (Akt1, -2, and -3; also known as PKBα, -β, and -γ), which are the products of distinct genes (1) . Gene knockout studies have provided evidence that these isoforms may serve distinct roles with varying degrees of functional overlap. For example, germline deletion of Akt1 in mice leads to a predominant phenotype of reduced size for multiple organs, which is more the result of reduced cell size than reduced cell numbers. In contrast, Akt2 KO mice do not exhibit striking reductions in cell size, but develop insulin resistance and diabetes due to impaired insulin signaling in the liver and skeletal muscle and impaired survival of pancreatic β cells (2) (3) (4) . Akt3 KO mice exhibit a predominantly neurological phenotype with reduced brain size (5) . While mice with individual Akt isoform KOs are viable, evidence for functional overlap of these isoforms comes from studies in mice with combinatorial KOs. Animals with multiple gene deletions exhibit much more severe phenotypes (which are not compatible with long-term survival) than those animals with single gene deletions (6) . Akt isoforms can be activated in response to various growth factors and hormones, including insulin, IGF-1, VEGF, and β-adrenergic stimulation. In the case of insulin, the insulin receptor tyrosine kinase phosphorylates and activates insulin receptor substrate-1 (IRS-1) and IRS-2, which then activate PI3K. PI3K activation generates phosphoinositide-3,4,5 triphosphate, which mediates the phosphorylation and activation of Akt. Once activated, Akt phosphorylates various intracellular signaling intermediates that regulate a diverse array of cellular processes (reviewed in ref. 7) ( Figure 1A ).
In the cardiovascular system, Akt plays an important role in the regulation of cardiac hypertrophy, angiogenesis, and apoptosis (7) . The observation that acute activation of Akt in cardiomyocytes in vivo and in vitro protects against apoptosis after ischemia/reperfusion (I/R) injury has raised hopes that Akt activation could represent an important therapeutic strategy for limiting myocardial injury following ischemia (8) (Figure 1A) . Moreover, activation of Akt in mesenchymal stem cells may enhance cardiac function in heart failure models to a greater extent than that observed in nontransduced stem cells (9, 10) . Although the results of transgenic overexpression studies suggest that Akt overexpression may produce a compensated state of cardiac hypertrophy, other work suggests that this might be deleterious over the long term (11) (12) (13) . Two separate reports in this issue of the JCI, the first by Nagoshi et al. (14) and the second by Shiojima et al. (15) , provide important new insights into the potential mechanisms by which Akt overexpression in the heart may become maladaptive.
Another unresolved issue in the cardiovascular system was the specific role of the 3 Akt isoforms. For example, while it was clear that Akt mediates many of the proangiogenic effects of secreted peptides such as VEGF, it remained unknown which specific isoforms were responsible for mediating these effects in vivo (7) . Similarly, while an essential role for PI3K/Akt signaling in the regulation of physiological (e.g., exerciseinduced) hypertrophy is well established (16, 17) , it was not previously known which specific Akt isoform(s) were responsible. In this issue of the JCI, the study by Ackah et al. (18) now provides very strong evidence that Akt1 is the specific Akt isoform that mediates adaptive angiogenesis.
Mechanisms responsible for maladaptation in the heart when Akt is chronically overexpressed How much Akt is too much? Two studies in this issue describe distinct ways in which chronic unregulated Akt signaling in cardiomyocytes in vivo ultimately becomes maladaptive (14, 15) . Both of these studies used mouse models with transgenic overexpression of an activated (myristoylated) form of Akt1. Shiojima and colleagues (15) used a tetracycline-regulated system that increased myocardial Akt kinase activity by approximately 15-fold, while Nagoshi and colleagues (14) used a transgenic mouse with constitutive Akt1 activation in which Akt kinase activity was increased to at least the extent of the Shiojima et al. study. The model reported by Shiojima and colleagues developed severe cardiac dysfunction following long-term Akt activation (15) , while cardiac dysfunction in mice reported by Nagoshi et al. was less severe (14) . Two other independent transgenic lines of myocardial Akt1 overexpression were previously reported (12, 13). High-level overexpression (greater than 80-fold) of a constitutively active Akt1 mutant, T308D/S473D, precipitated age-related LV dysfunction (13) , whereas overexpression of another mutant Akt1, E40K, was associated with increased basal cardiac contractility but impaired inotropic response to dobutamine (12) . Taken together, these models suggest that Akt1 overexpression in the heart may produce a broad phenotypic spectrum in the unstressed heart, but in all cases there was some evidence of cardiac maladaptation. In contrast, a PI3K transgenic mouse with 4-fold increase in the ratio of phosphorylated Akt/total Akt did not develop cardiac dysfunction (19) . Moreover, in physiological contexts, Akt activation is increased 1.5-to 2-fold in response to exercise training (16) and 6-fold by transgenic overexpression of IGF-1 (20) or the IGF-1 receptor (17) . In these situations cardiac dysfunction does not occur. Thus, interpretation of the phenotypes of transgenic models of Akt1 overexpression should always be tempered by the fact that the degree of
Figure 1
Effect of short-term or long-term Akt activation in cardiac muscle. (A) Short-term activation of Akt1 by physiological stimuli, such as insulin and IGF-1 signaling or exercise, promotes physiologic cardiac hypertrophy. Insulin and IGF-1 signaling is mediated in part via tyrosine phosphorylation (P) of IRS-1/2. Phosphorylated IRS-1/2 associates with and activates PI3K, which stimulates the generation of phosphoinositide-3,4,5 triphosphate and subsequently leads to the activation of Akt. Akt1 promotes physiologic hypertrophy via mTOR-mediated pathways. Shortterm activation is associated with increased VEGF generation and release and may also protect against I/R injury. (B) Long-term, high-level Akt signaling is maladaptive. Downregulation of IRS-1/2 proteins occurs via mechanisms that involve increased proteasomal degradation. It is believed that increased serine phosphorylation of IRS-1/2 will promote this degradation. In addition, serine phosphorylation of IRS-1/2 limits its association with the insulin receptor, which further reduces the activation of PI3K. Reduced PI3K activation is associated with reduced recovery and increased tissue injury following I/R due to loss of PI3K-dependent but Akt-independent cardioprotective mechanisms. It is also possible that reduced IRS-1-mediated PI3K signaling may contribute to cardiac injury in patients with dilated cardiomyopathy. Long-term activation of Akt continues to promote cardiac hypertrophy. However, there is downregulation of VEGF expression, which leads to reduced angiogenesis. A mismatch between cardiomyocyte growth and blood vessel growth leads to cell death and fibrosis. Ub, ubiquitination.
transgene overexpression often far exceeds physiologically achieved levels.
The studies by Nagoshi et al. (14) and Shiojima et al. (15) provide mechanistic insights into the deleterious consequences of long-term Akt1 overexpression in the heart ( Figure 1B and Table 1 ). Shiojima and colleagues (15) report that short-term (less than 2-week) activation of Akt1 in the heart leads to compensated cardiac hypertrophy that is completely reversible after transgene expression is turned off. In contrast, 6 weeks of transgene induction led to even greater LV hypertrophy and contractile dysfunction, both of which are associated with increased fibrosis and decreased capillary density. Thus, unlike short-term transgene activation in which VEGF expression is upregulated (in part by target of rapamycin-mediated [TOR-mediated] signaling) ( Figure 1A ), such adaptations are lost following longer-term activation of Akt ( Figure 1B ). This observation prompted Shiojima and colleagues to test the hypothesis that matched angiogenesis and cellular growth is required for maintenance of compensated hypertrophy following Akt activation. Blocking VEGF signaling - by systemic administration of an adenovirus that expressed the soluble VEGF receptor - reduced capillary density following short-term Akt activation, and this precipitated LV dysfunction and increased myocardial injury. This model raises the intriguing hypothesis that signaling cross-talk mediated by Akt1 is required for the coordinate regulation of myocardial growth and angiogenesis during cardiac hypertrophy. As Akt is activated in failing hearts and in response to pressure overload, it will therefore be important to determine whether Akt-mediated VEGF release and subsequent angiogenesis are impaired in these contexts.
The study by Shiojima et al. (15) raises additional questions, which future studies will undoubtedly address: (a) Does increased injury account for all of the reduction in cardiac function in Akt1 transgenic mice, or could additional mechanisms such as altered myocardial excitation-contraction coupling or altered myocardial energetics exist?; (b) Does the fibrosis observed represent increased cell death via necrosis or apoptosis, or are profibrotic signaling pathways activated? It is possible that if Akt-dependent pathways such as that resulting in VEGF production can be downregulated with chronic Akt expression; could this also be true of prosurvival/antiapoptotic pathways?; and (c) What is the mechanism responsible for the downregulation of TOR-mediated signaling to S6 kinase (S6K) and VEGF but not to myocyte growth that is seen in mice with chronic Akt activation? The results of S6K KO mouse studies suggest that S6K is not required for mediating pathological and physiological cardiac hypertrophy; however, rapamycin clearly blocks Akt-induced cardiac hypertrophy and leads to regression of pressure-overload hypertrophy (21, 22) . Therefore, the additional mammalian TOR (mTOR) targets that mediate cardiac hypertrophy need to be identified.
Chronic Akt1 overexpression and the heart's recovery from I/R injury Nagoshi and colleagues report that in contrast to mice with lower level and mosaic expression of a myristoylated Akt1 transgene (transgenic mouse line TG20), which their group previously reported to exhibit reduced infarct size following regional I/R in vivo (11), a transgenic mouse line expressing higher levels of Akt (transgenic mouse line TG564) failed to recover any function after global I/R in an isolated heart model and developed larger myocardial infarctions (14) . The basis for myocardial injury is likely increased necrosis and not increased apoptosis. The results of the Nagoshi et al. study suggest that downregulation of IRS-1/2-mediated PI3K activation is an important contributor to the increased susceptibility to I/R injury in this model. IRS-1/2 levels are reduced because of decreased expression of their respective genes as well as increased proteasomal degradation ( Figure 1B) . The I/R phenotype can be rescued by delivery of an adenovirus that harbors a constitutively active form of PI3K. These data support the notion of the presence of Akt-independent but PI3K-dependent cardioprotective signaling pathways that are lost when IRS-1-mediated signal transduction is impaired in the face of long-term Akt activation. This conclusion is also supported by the observations by Nagoshi et al. that IRS-1 is depleted to a much lesser extent in the transgenic mouse line TG20, which was previously reported to exhibit enhanced recovery from I/R injury in vivo (11) , and that transgenic mice that overexpress IGF-1 (which does not downregulate IRS-1 content despite an approximate 6-fold increase in Akt activation) have enhanced recovery from ischemic injury (14) .
The major activation of IRS-1/2 signaling to PI3K in vivo occurs via tyrosine kinase receptors such as the insulin and IGF-1 receptors. Nagoshi et al. also show that in heart samples from humans with dilated cardiomyopathy, Akt activation is associ- (14) Decreased (14, 15) Decreased (15) Decreased (14) References corresponding to these results are cited in parentheses.
[ ated with reduced IRS-1 levels (14), which raises the intriguing possibility that loss of IRS-1-mediated PI3K signal transduction may contribute to the cardiac injury in these patients. Thus these results underscore the importance of signaling to IRS-1/2 via these growth factors/hormones in mitigating the myocardial response to ischemic injury. Results obtained from 3 other mouse models with impaired PI3K/Akt signaling also support the paradigm that growth factors signaling to PI3K are critical modulators of cardiac injury in response to stress: mice with cardiomyocyte-restricted KO of insulin receptors exhibit reduced cardiac performance and increased injury in response to pressure overload (23); mice with musclespecific KO of phosphoinositide-dependent kinase 1 that fail to phosphorylate Akt on Thr308 (although Ser473 is hyperphosphorylated) die prematurely from a dilated cardiomyopathy (24) ; and mice with a dominant-negative PI3K transgene do not develop exercise-induced hypertrophy, but develop LV dysfunction following pressureoverload hypertrophy (16) . Taken together, these data indicate that proximal signaling inputs to PI3K and Akt (such as insulin) play important regulatory roles in the adaptation of the heart to diverse stresses such as ischemia and pressure-overload hypertrophy. The current study by Nagoshi et al. (14) raises a number of questions and hypotheses that should be examined in future studies. First, what are the PI3K-dependent but Aktindependent pathways that are responsible for cardioprotection, and are these pathways activated by alternative signaling pathways such as G protein-coupled receptors that may activate PI3K independently of IRS-1/2? It is unlikely that Akt-mediated protective pathways are not important, as shown by the impaired functional recovery in dominant-negative Akt transgenic or Akt1 -/-mice following I/R injury. It would therefore be interesting to determine the consequence of PI3K activation in Akt1-null hearts on their recovery from ischemic injury.
Second, Nagoshi and colleagues show that IRS-1 levels are increased in Akt1 -/-mice. Conversely, Akt1 overexpression promotes proteasomal degradation of IRS-1 that is not mediated via the mTOR pathway (14) . What, then, are the specific mecha-
Figure 2
Akt1 promotes adaptive angiogenesis. In endothelial cells and VSMCs, Akt1 represents the predominant isoform. VEGF-mediated angiogenesis requires Akt1 activation. Angiogenesis is mediated in part by Akt1-dependent activation of eNOS, which leads to increased NO production. VEGF also phosphorylates glycogen synthase kinase-3β (GSK3β) and FOXO1, both of which may also contribute to Akt1-dependent angiogenesis. Akt1 is also required for the recruitment of bone marrow-derived endothelial precursor cells to sites of ischemia and for the migration of mature endothelial cells and fibroblasts to areas of active new vessel formation. Note that although Akt2 is expressed in fibroblasts, its expression is not required for promoting fibroblast migration. Akt1-mediated cross-talk between endothelium and cardiomyocyte involves the release of VEGF from cardiomyocytes, which may influence the vascular response to hypertrophy. It is also likely that Akt1-mediated release of NO from the vasculature will have important regulatory effects on the cardiomyocyte.
nisms that lead to IRS-1 degradation in this model? There is much evidence that serine phosphorylation of IRS-1 mediates its proteasomal degradation and that there are a variety of serine/threonine kinases that can mediate this process (25) . It will therefore be important to determine whether Akt is directly responsible for the serine phosphorylation of IRS-1 or whether the responsibility lies in an Akt-dependent kinase.
Third, what are the mechanisms that lead to increased cell death in Akt transgenic mice following I/R? The report by Shiojima et al. (15) raises the intriguing possibility that decreased capillarity could limit capillary recruitment during reperfusion, which could contribute to increased injury. Another possibility is that changes in energetics that occur on the basis of chronic Akt activation may precipitate more rapid depletion of high energy phosphates or impair ATP regeneration upon reperfusion. In this regard, studies in E40K Akt transgenic mice suggest that 1 mechanism for increased contractility in these mice is increased activity of the sarcoplasmic endoplasmic reticulum Ca 2+ ATPase, which would increase the rate of ATP utilization (26) .
Finally, it would be of interest to determine the time course for IRS-1 degradation in vivo using the inducible Akt model. A critical experiment would be to determine the extent of IRS-1/PI3K activation in the initial 2-week window during which the phenotype of these mice is completely reversible and determine whether recovery from I/R injury is normal or impaired following short-term Akt activation.
In summary, these 2 transgenic mouse models (14, 15) define important Aktdependent feedback mechanisms that lead to cardiac maladaptation. These include feedback inhibition of VEGF synthesis, which impairs angiogenesis, as well as inhibition of IRS-1/2 expression and IRS-mediated PI3K activation ( Figure 1B) . Akt has many more substrates within the cell. No doubt there will be a growing list of other signaling pathways that may be inhibited by long-term unregulated Akt signaling, such as the recently reported increase in insulin receptor threonine phosphorylation by Akt1-mediated pathways that leads to impaired insulin signaling (27) . Stay tuned.
Akt1 and adaptive angiogenesis
A persuasive case for a role of the Akt1 isoform in the regulation of postnatal adaptive angiogenesis and arteriogenesis (as opposed to developmental angiogenesis) is made in this issue of the JCI by Ackah and colleagues (18) . In contrast to the expression seen in the heart and intact blood vessels, which express both Akt1 and Akt2, there appears to be low-level expression of Akt2 in endothelial and vascular smooth muscle cells. Thus in the vasculature, Akt2 might be predominantly expressed in adventitial fibroblasts. Ackah et al. (18) demonstrate that Akt1, but not Akt2, mediates the angiogenic response to hind-limb ischemia and VEGF stimulation in vivo (Figure 2) . Moreover, Akt1 is required for the homing of endothelial precursor cells to areas of ischemia in vivo. Akt1 is also required for basal and agonist-mediated NO release from mouse lung endothelial cells (MLECs) and for the migration of MLECs (which express Akt1) and mouse lung fibroblasts (which express both Akt1 and Akt2) in response to chemoattractants in vitro. In light of the evidence provided by Shiojima and colleagues showing that a coordinated balance between angiogenesis and cellular hypertrophy is essential for an adaptive response to physiological hypertrophy (15) , the results of Ackah et al. (18) raise interesting questions regarding the potential role of Akt1-mediated angiogenesis in the failed induction of cardiac hypertrophy by exercise in mice expressing a dominant-negative PI3K transgene (16) or in the increased injury observed in cardiomyocyte-specific insulin receptor knockout (CIRKO) mice following pressure overload (23) . Does impaired VEGF-mediated angiogenesis therefore retard physiological hypertrophy or promote injury in the hearts of mice with impaired PI3K/Akt signaling? This will be an important question to pursue in future studies.
In light of the novel specific roles for Akt1 now defined in the vasculature and heart, it will be important to identify the specific downstream mediators of these effects. Akt continues to take center stage, and these recent studies have provided important new insights into the regulation of cardiac and vascular biology by this family of signaling molecules (14, 15, 18) . The studies have important implications for therapeutic strategies that may be based upon modulating Akt activity in the heart and vasculature in an effort to mitigate the consequences of heart failure and myocardial or other organ ischemia. In this installment of "Akt in the cardiovascular system," Akt1 has clearly emerged as the star of Act 1. We are sure that Act 2 will be equally interesting. 
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